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ABSTRACT. We present a new class of superhydrophobic surfaces created from low-cost 
and easily synthesized aluminum oxide nanoparticles functionalized carboxylic acids having 
highly branched hydrocarbon (HC) chains. These branched chains are new low surface energy 
materials (LSEMs) which can replace environmentally hazardous and expensive fluorocarbons 
(FCs). Regardless of coating method and curing temperature, the resulting textured surfaces 
develop water contact angles (θ) of ~155° and root-mean-square roughnesses (Rq) ≈ 85 nm, 
being comparable with equivalent FC functionalized surfaces (θ = 157º and Rq = 100 nm). The 
functionalized nanoparticles may be coated onto a variety of substrates to generate different 
superhydrophobic materials.  
KEYWORDS: superhydrophobic hydrocarbon surfaces, alumina nanoparticles, low surface 
energy materials, fluorinated acids, hyperbranched carboxylic acids 
 
INTRODUCTION 
The most remarkable property of low surface energy materials (LSEMs) is their 
superhydrophobic performance, as exemplified by a water contact angle (θ) larger than 150°.1 
Although originally found naturally, for example with Lotus leaves and some insect wings, the 
potential applications (including, repellent surfaces, water-proof textiles, papers, and fibers
2-5
) 
have encouraged synthetic mimicry. For Lotus leaves the high θ  ∼ 170° is a result of cutin and 
lipid coverings as well as a hierarchical micro and nano double surface structures.
6,7
 The latter 
feature is considered crucial for achieving superhydrophobicity, as chemical factors alone can 
only develop contact angles less than 120°.
8
 Thus, superhydrophobic surfaces have generally 
been obtained by adsorption or attachment of coatings to substrates by combining 
micro/nanomaterials (to introduce surface roughness) with self-assembled monolayers of low 
surface energy materials (LSEMs) (to introduce appropriate surface chemistry).
9-11
 
Superhydrophobicity can be achieved from either textured surfaces with inherent hydrophobicity 
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(carbon nanostructures
12
), or more effectively through addition of a suitable chemical 
functionality to textured surfaces: for example, grafting fluorinated polymers onto raspberry-like 
(RB) nanoparticles (NPs),
13
 addition of fluorinated silanes to graphene oxide particles,
6
 applying 
polydimethylsiloxane (PDMS) in conjunction with functionalized titania, Fe3O4, Ni, CoO, and 
silica NPs,
7,8,14
 oxide surfaces with coated perfluorononane and vinyl terminated 
poly(dimethylsiloxane),
15
 PTFE-coated carbon nanotubes,
16
 and also n-dodecanethiol coatings 
for silver aggregates.
17
 In addition diamond-like carbon (DLC) coatings have also shown 
superhydrophobic behavior based on the nature of the plasma used in the pre-treatment.
18,19
 
Where chemical modification is required, to date, the majority of representative 
superhydrophobic surfaces have been obtained by introducing fluorocarbon (FC) 
functionalities.
10,20-22
 Unfortunately, this has important environmental consequences because of 
the persistence, bioaccumulation, and toxicity of long chained FCs.
22-24
 It is obviously desirable 
to prepare hierarchical micro/nano structures in parallel with simple non-hazardous chemical 
functionalization, but using non-fluorinated surface treatments.  
It was shown previously that the use of zwitter ionic carboxylic acids enables formation of 
superhydrophilic nanoparticle surfaces which induce collapse of aspirated water droplets onto a 
surface,
25
 as well as oil/water separation membranes.
18,26
 The structure of these nanoparticle 
coatings was found to be textured at the micro scale, but created from nano aggregates.
27
 Clearly, 
the same approach in combination with typical FC functionality would be expected to perform as 
a superhydrophobic coating, as has been reported.
10
 However, it is of greater interest to know 
whether any alternative surface functionalities may be used with lower environmental impacts. 
In this regard, it has been reported that single chain hydrocarbon (HC) surfactants, synthesized 
from commercially available highly branched “hedgehog” alcohols, can be used to generate 
Page 3 of 23
ACS Paragon Plus Environment
ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
4 
 
effective LSEMs.
28
 These new low surface energy surfactants (with improved water solubility 
compared to the long chain, linear HC analogue) can reduce the surface tension of water to an 
all-time low value for single chain HC surfactants of 24 mN m
-1
.
28-30
 Herein are demonstrated 
effective and simple formulations to obtain environmentally safe and economic 
superhydrophobic surfaces, using relatively short, highly branched hydrocarbon chains, and 
commercially available “hedgehog” carboxylic acids to functionalize alumina nanoparticles. 
Although this methodology can be applied to a variety of NPs, alumina NPs were chosen as a 
model core system as these NPs are among the most commercially important nanoparticles with 
a wide range of applications. A summary of this approach is shown in Scheme 1.  
 
Scheme 1. Schematic representation of the approaches used to obtain superhydrophobic 
surfaces. 
EXPERIMENTAL SECTION 
Materials and Reagents. Alumina NPs (Aeroxide-Alu ), perfluorotetradecanoic acid, 9H-
hexadecafluorononanoic acid, stearic acid, 2-propanol, and ethanol were purchased from Sigma 
Aldrich and used as received. Isostearyl acids were obtained from Nissan Chemical Industries 
and used without further purification. Distilled water (Millipore, 15 MΩ cm) was used 
throughout the experimental process.  
Surface and Nanoparticle Characterization. Thermogravimetric analysis (TGA) 
experiments were conducted on a TA Instrument SDT Q600. The samples were run in an open 
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alumina crucible under continuous air flow. The heating profile was equilibrated at 50 ºC and 
then ramped at 20 ºC.min
-1
. Scanning electron microscopy (SEM) was performed with a Hitachi 
field emission S-4800 microscope. Fourier transform infrared (FTIR) measurements were 
performed with a Thermoscientific i510 recording spectra in the 400-4000 cm
-1
 region with 16 
scans. Contact angle measurements were obtained by the sessile drop method (resulting static 
contact angle data) using a drop shape analysis program, DSA1, (Krüss, FM40 easydrop 
instrument) under ambient conditions using DI water. Each stated contact angle is the average of 
three measurements from various positions on the surface.  Atomic force microscopy (AFM) and 
non-contact cantilevers (RTESP, Bruker) were used for surface imaging. Images for each sample 
were obtained using intermittent contact mode, at a scan rate of 0.5-1 Hz and an image resolution 
of 512 x 512 pixels. Images were obtained with a scan size of 10 x 10 µm. The captured images 
were analyzed using JPK offline-processing software to determine the surface roughness from 
the AFM scans. The mean roughness measurements determined the average (Ra), root-mean-
square (Rq), and peak-to-valley roughness (Rt) for each sample type. Nanoparticle size 
distribution was obtained by using a Zetasizer Nano (Nano ZS), Malvern instrument. The 
solutions were prepared by weighing 0.05 wt % of the nanoparticles in 2-propanol and dispersing 
using a sonic bath for 30 minutes. The samples were then left on a roller mixer for 24 h to reach 
equilibrium, before measurements. The presented data are the average value of three 
measurements. 
Synthesis of Carboxylate Functionalized Nanoparticles. In a modification to the reported 
procedures in the literature,
25,31
 the alumina NPs were refluxed overnight in toluene (100 mL) 
with the appropriate carboxylic acid: isostearyl acids, fluorinated carboxylic acids and stearic 
acid. The functionalized particles were then centrifuged for 30 minutes, and then re-dispersed in 
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2-propanol (2 x 30 mL) and ethanol (1 x 30 mL) and then centrifuged again in order to remove 
unreacted carboxylic acid. Finally particles were oven dried at 80 ºC overnight.  
Spray Coating of Nanoparticle Films. Nanoparticle dispersions in 2-propanol (2 wt%) were 
sprayed onto substrates, including glass slides, cardboard or paper. The slides were heated at 80 
ºC during the spray coating. The spray coating was performed until a film was optically visible. 
The glass coated surfaces were therefore slightly bluish and completely transparent. Some slides 
were dried at either 25 °C or 40 ºC to show the effect of drying temperature on the water contact 
angle (see Table 1). In the case of glass coated surfaces, the films can get scratched and removed 
if get contact by a sharp material, however, the cardboard or paper coated particles are long-
lasting and durable. 
Spin Coating of Nanoparticle Films. Nanoparticle dispersions in 2-propanol (2 wt%) were 
spin coated onto glass slides under a nitrogen atmosphere, using a WS-650-23 Laurell spin 
coater. The dispersions (3 x 200 µL) were placed on a clean slide and spun at 8000 rpm and 
accelerated at 300 rpm followed by more of the dispersion (2 x 200 µL) added to the spinning 
surfaces. The coated substrates were then dried at 80 ºC on a hot plate for 20 minutes.  
 
RESULTS AND DISCUSSION 
Aluminum oxide wafers/nanoparticles can be covalently functionalized by different bifunctional 
acids (as molecular anchors), and self-assembled mono- or multi-layers may be formed based on 
the nature of the carboxylic acid.
32
 The alumina NPs used in this study have an average particle 
size of d = 13 nm and specific surface area of 100 ±15 m
2
.g
-1
. In the formulation carboxylic acids 
were chosen based on previous work with branched chain systems:
28
 iso-stearic acid (I) and iso-
stearic acid-N (II) with branching factor of 7.1 and 6.6 and effective linear chain length of 13.6 
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nc and 15 nc, respectively.
28
 These new systems were compared with two fluorinated surfaces, 
obtained using standard commercially available FCs, perfluorotetradecanoic acid (III) and 9H-
hexadecafluorononanoic acid (IV). 
   
(I) (II) 
 
(III) 
 
(IV) 
Functionalization of aluminum oxide nanoparticles. The alumina NPs (Aeroxide-Alu C, 
Sigma Aldrich) were refluxed overnight in toluene (100 mL) in the presence of the appropriate 
carboxylic acid.
27,32
 The extent of functionalization was determined by TGA (Figure 1; for 
comparison TGA traces of native carboxylic acids is provided in Figure S1). The as-received 
alumina NPs show no significant mass loss <800 °C (Figure 1a); however, after functionalization 
with carboxylic acids, changes began at approximately 300 ºC with rapid weight loss occurring 
in the range 350-400 ºC (Figure 1b-e). It should be noted that the TGA trace of 
perfluorotetradecanoic acid functionalized NPs (Figure 1e) shows an additional mass loss (3.5%) 
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at around 200 ºC. This is due to excess acid that was difficult to remove without repeated 
purification; however, appropriate corrections were made for calculating the grafting density.  
 
Figure 1. TGA of (a) unfunctionalized alumina NPs and alumina NPs functionalized with (b) 
iso-stearic acid-N, (c) iso-stearic acid, (d) 9H-hexadecafluorononanoic acid, and (e) 
perfluorotetradecanoic acid.  
The surface coverage of the acids was calculated for each carboxylic acid functionalized NP 
system (Supporting Information), and presented in Table 1. For normal, less bulky, linear chain 
carboxylic acids
33,34
 a grafting density of 9.4 per nm
2
 would be consistent with surface 
saturation. It can be seen from the grafting densities shown in Table 1, that as may be expected, 
branched and bulky surfactants suffer steric hindrance at the interface, which leads to lower 
surface grafting densities compared to linear chain analogues.  
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Table 1. Contact angle measurements for unmodified nanoparticles and various modified 
nanoparticle surfaces.  
Carboxylic acid functionalized NP Effective 
chain  
length nc 
Grafting  
density  
(nm
-2
) 
θ (°) 
spray coating
a
 
θ (°)  
spin 
coating
a
 
- - - 22±2 - 
iso-stearic-N acid (C17H35CO2H) 15 2.1 153±3 152±2 
iso-stearic acid (C17H35CO2H) 13.5 2.0 154±2 153±2 
 153±2 (40 ºC)  
 153±2 (25 ºC)  
perfluorotetradecanoic acid 
(C13F27CO2H) 
14 2.7 157±3 - 
9H-hexadecafluorononanoic acid 
(C8F16HCO2H)  
7 1.9 137±3 - 
a
 All samples were dried at 80 ºC unless otherwise stated.  
 
FTIR-ATR spectra of carboxylic functionalized NPs (Figure 2) confirm covalent attachment of 
the carboxylate moieties. In each case, after reaction with the NP surface the C=O stretching 
band of the carboxylic acid (ca. 1700 cm
-1
)
35
 is replaced by bands at 1400 cm
-1
 and 1600 cm
-1
 
due to the symmetric and asymmetric stretches of carbonyls in bidentate modes (Figure 2).
33
 
Concomitant with these changes is the decrease in the broad band at 3464 cm
-1
 due to the 
presence of hydrogen bonded OH groups on the nanoparticle surfaces.
35
 The peaks at 2963 cm
-1
 
and 2929 cm
-1 
are due to the aliphatic C–H stretches of HC acids (Figure 2b and c), whereas for 
the FC systems (Figure 2d and e), the presence of very strong peaks at around 1148 cm
-1
 to 1400 
cm
-1
 are due to C–F2 and C–F3 vibrations.
10
 The peak at 1756 cm
-1
 for the perfluorotetradecanoic 
acid derivative (Figure 2e), assigned as C=O stretching, is also observed in the free acid (Figure 
S2),
36
 suggesting the existence of unreacted acids, in agreement with the TGA data.  
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Figure 2. FTIR-ATR spectra of (a) unfunctionalized alumina NPs, and NPs functionalized with 
(b) iso-stearic acid-N, (c) iso-stearic acid, (d) 9H-hexadecafluorononanoic acid, and (e) 
perfluorotetradecanoic acid.  
The nanoparticles were also analyzed by dynamic light scattering (DLS) in 2-propanol to 
investigate a hydrodynamic diameter (dh), which initially showed that 0.05 wt% unfunctionalized 
alumina particles have a dh = 250 ±5 nm with a polydispersity index (PDI) of 0.25 which 
indicates agglomeration of the particles.  In the case of the functionalized particles, all samples 
yielded dh of around 160-170 nm with PDI = 0.15-0.20. The 0.05 wt % dispersed solutions used 
for DLS (shown in Figure S3a) were stable for several weeks. Photographic images of 0.5 wt % 
functionalized nanoparticles dispersed in 2-propanol after 30 minutes and after 3 days are shown 
in Figure S3b-c of the supporting information. The images show that apart from 9H-
hexadecafluorononanoic particles that showed signs of precipitation after 1 day (due to the lower 
number of grafts, hence higher particle-particle interactions), the particles were stable for at least 
3 days.  
Surface nanostructures. It was previously shown that carboxylate functionalized alumina 
NPs may be rendered immobile through heating at a moderate temperature, without significantly 
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effecting the surface properties.
25
 Thus, in order to produce superhydrophobic surfaces, 
nanoparticles were dispersed in 2-propanol (2 wt%) and then spray coated onto microscope 
slides at 80 ºC. Alternatively, the dispersions were spin-coated and subsequently heated to 80 °C 
for 20 mins. Films may be deposited on a wide range of substrates; however to demonstrate 
proof-of-principle, films were deposited on glass slides. The coated surfaces were then analyzed 
by contact angle measurements, SEM and AFM.  
Static equilibrium contact angle (θ) measurements for the various carboxylic acid 
functionalized surfaces are summarized in Table 1, and photographic images of droplets are 
shown as inserts in Figure 3. Pieces of cardboard and medical wipe were also spray coated with 
iso-stearic acid functionalized particles, and the morphology (Figure S6 and S7) and wetting 
behavior of the cardboard is shown in Supporting Information. 
Hydrophobicity of a surface varies widely with the nature of functionalized groups, and 
surface free energy decreases in the sequence CF3 < CF2H < CF2 < CH3 < CH2.
28,37,38
 Based on 
this trend it is expected that the highest contact angle would occur for FC surfaces. However, 
spray coated films of branched HC materials (iso-stearic and iso-stearic-N acids) also revealed 
superhydrophobic properties with contact angle of DI water >153º, comparable with the FC 
functionalized surfaces (θ = 157º). These remarkably high contact angles occur, despite surface 
densities of only ca. 2 nm
-2
 highly branched acid molecules on the NPs (in comparison with ca. 3 
nm
-2
 for long FC acids adsorbed at NP surfaces, Table 1). It is proposed that the high contact 
angle is as a direct consequence of increasing the CH3:CH2 ratio per acid chain compared to 
normal linear HC chains: this increased CH3:CH2 is a result of branching, hence exposing more –
CH3 groups with the “hedgehog” tail structures. This is in line with previous work, showing that 
highly branched surfactants can lower the surface tension of water to limiting values 
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corresponding to pure alkanes.
28,39
 The contact angle of 9H-hexadecafluorononanoic acid coated 
particles is lower (θ = 137º ±3). This is expected because the chain termini are H-CF2- groups 
rather than CF3-: the substitution of F for H results in a dipole moment of ~ 1.5 D at this “sweet 
spot” in the molecule, hence increasing the hydrophilicity of the surfaces compared to fully 
fluorinated chain analogues.
40,41
 In addition, it known that as contact angle increases with 
increasing fluorinated/hydrocarbon tail length.
21,22
  
 
 
Figure 3. SEM images of films spray coated onto a microscope slide of (a) unfunctionalized 
alumina nanoparticles, as compared to alumina nanoparticles functionalized with (b) iso-stearic-
N, (c) iso-stearic, and (d) perfluorotetradecanoic acids. Inset are photographs of water droplets 
on the appropriate surface.   
Page 12 of 23
ACS Paragon Plus Environment
ACS Applied Materials & Interfaces
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
13 
 
SEM images of the modified NP films (Figures 3b-d), show a distinctive change in the surface 
morphology when compared to the unmodified NPs deposited in a similar manner (Figure 3a). 
The particles modified with iso-stearic-N, iso-stearic, and perfluorotetradecanoic acids have 
quite similar surface morphologies, which consists of NPs aggregated into a complex porous 
structure. It is known that super-hydrophobic coatings formed of textured structures entrap a thin 
air layer at the surface, and the images in Figure 3 are consistent with air entrainment. The 
functionalized particles appear to be packed much more efficiently than unmodified particles, 
generating more highly porous surfaces. This differences in packing indicate a distinct change in 
the particle surface properties after functionalization, as shown by the contact angle 
measurements described above.  
The two branched HC functionalized particles were used as model compounds for spin coating 
onto substrates at room temperature. The results (Table 1) indicate that superhydrophobic 
surfaces can be obtained by using these LSEMs regardless of the coating method. The effect of 
changing drying temperature of the nanoparticle films was also tested for the iso-stearic acid 
functionalized alumina NPs. As can be seen, there is no significant difference in water contact 
angle at two different temperatures (40 ºC and 25 ºC). This indicates that heating to 80 °C does 
not cause loss of surface coating, and also that solvent evaporation rate does not significantly 
affect the morphology, roughness, and assembly of the grafted acids on the surface. SEM images 
of the surfaces dried at 40 ºC and 25 ºC are shown in Figure S4 (Supporting Information).  
The film roughnesses were measured using AFM and the results are shown in Table 2 and 
Figure 4. The roughnesses with functionalized NPs are considerably larger than for 
unfunctionalized NPs. However, it should be noted that in the case of unfunctionalized alumina 
NPs, obtaining images with a scan size of 10 x 10 µm was not possible, as the particles would 
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move when contacted by the probe when imaged in intermittent contact mode. The best possible 
image was obtained with a scan size of 2.5 x 2.5 µm, as is shown in Figure 4a. The RMS 
roughness (Rq) values for films formed from iso-stearic acid functionalize NPs is about 100 nm 
compared to the unfunctionalized surfaces with Rq ~ 60 nm. Increases in roughness can account 
for some of the observed increase in contact angle based on the Wenzel and Cassie theory;
42-43
 
however, the similarity of the HC to FC functionality suggests that the film texture is not the sole 
reason.  
 
Table 2. Roughness parameters for unfunctionalized, and various functionalized, particles (spray 
coated unless otherwise stated) obtained by AFM measurements. 
Surface functionalization Averaged  
roughness Ra  
(nm) 
RMS roughness 
 Rq (nm) 
Peak to valley  
roughness Rt  
(nm) 
Unfunctionalized alumina NPs 47 60 499 
iso-stearic acid-N acid (spray coating) 65 84 781 
iso-stearic acid-N acid (spin coating) 60 75 550 
iso-stearic acid  85 111 1200 
perfluorotetradecanoic acid 124 155 1002 
9H-hexadecafluorononanoic acid 62 78 634 
 
Surfaces of spin coated iso-stearic acid-N particles were also analyzed by SEM and AFM, and 
images are shown in Figure S5 of the supporting information. The surface morphologies are very 
similar to the spray coated analogues; however, the surfaces are slightly smoother (Table 2) 
resulting in a slight decrease in hydrophobicity as is shown in Table 1. This is due most likely to 
the use of the mechanical coating technique rather than spray-coating, as the latter process may 
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be used for a wider range of substrates. For example, films can be readily deposited on glass, 
fabric, paper and cardboard, and in each case the superhydrophobic surfaces show similar 
properties. A video demonstration of the wetting is provided in the Supporting Information.  
    
    
Figure 4. AFM topography images of (a) unfunctionalized alumina NPs, and alumina NPs 
functionalized with (b) iso-stearic-N acid, (c) iso-stearic acid, and (d) perfluorotetradecanoic 
acid.  
CONCLUSIONS 
Simple, low cost and hydrocarbon based superhydrophobic surfaces may be successfully 
prepared using alumina NPs chemically functionalized with highly branched “hedgehog” low 
surface energy carboxylic acids. Whereas prior work has shown that superhydrophobic surfaces 
may be prepared using fluorocarbon surfactants and polymers,
10,13,6,20,22,44
 this work 
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demonstrates for the first time, that superhydrophobic surfaces (contact angle ~155º) can be 
obtained using relatively short chained highly branched hydrocarbon chains (nc =13 and 15). 
This superhydrophobicity is achieved by combining the surface roughness of nanoparticle-
derived films and low surface energy properties of the highly branched alkyl chains coating the 
NPs. It is known that branched HC chain architectures promote efficient packing at the surface of 
aqueous solutions, allowing densely packed disordered films promoting low surface tensions 
(energies)
28
. Hence, it can be assumed that similar high surface density structures are also present 
at the surface of NPs. These nontoxic and cheap hydrocarbon-based LSEMs have much potential 
for new coating applications on a variety of substrates, and as a replacement for costly, 
hazardous fluorocarbons. A further advantage of this current method over such processes as 
diamond-like carbon coating is the simplicity of application.
18,19
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carboxylic acids used for surface functionalization of the alumina nanoparticles. SEM and AFM 
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